ABSTRACT: Hydrated membranes with cocontinuous hydrophilic and hydrophobic phases are needed to transport protons in hydrogen fuel cells. Herein we study the water uptake and proton conductivity of a model fuel cell membrane comprising a triblock copolymer, polystyrenesulfonate-block-polyethylene-block-polystyrenesulfonate (S-SES), as a function of water activity in both humid air and liquid water. We demonstrate that the water uptake and proton conductivity of S-SES membranes equilibrated in liquid water are fundamentally different from values obtained when they were equilibrated in humid air. The morphological underpinnings of our observations were determined by synchrotron small-angle X-ray scattering and cryogenic scanning transmission electron microscopy. A discontinuous increase in conductivity when nearly saturated humid air is replaced with liquid water coincides with the emergence of heterogeneity in the hydrated channels: a water-rich layer is sandwiched between two polymer-rich brushes. While the possibility of obtaining heterogeneous hydrated channels in polymer electrolyte membranes has been discussed extensively, to our knowledge, this is the first time that direct evidence for the formation of water-rich subdomains is presented.
T
here is continuing interest in proton exchange membrane fuel cells due to their potential as zero-pollutant emitting, eco-friendly power sources for transportation and personal electronic devices. 1−3 The ability of fuel cells to deliver power depends crucially on the rate of proton transport through a polymer electrolyte membrane (PEM) that is placed between the electrodes. 4 The PEM in commercial fuel cells is Nafion, which is a random copolymer comprising ion-containing hydrophilic perfluorinated sulfonic acid groups and nonionic hydrophobic tetrafluoroethylene groups. 5 In the dry state, the ionic groups are clustered and Nafion is an insulator. In the wet state, a percolating network of hydrated channels emerges by self-assembly, transforming Nafion from an insulator to a proton conductor. Although numerous papers have been written on this transformation, 6−20 there is still considerable debate surrounding the morphology of the hydrated channels. Differential scanning calorimetric (DSC) experiments suggest the presence of three states of water, often referred to as nonfreezing water, freezable loosely bound water, and free water. 21, 22 One possible explanation for the DSC results is that the hydrated channels are heterogeneous. It is, however, difficult to answer questions regarding heterogeneity when the overall morphology of the hydrated channels is not wellestablished.
Model PEMs based on ion-containing block copolymers, comprising ionic and nonionic blocks, are better suited for fundamental investigation of morphology-conductivity relationships. 23−30 The morphology of the ion-containing domains in both dry and hydrated states can be studied by X-ray scattering, neutron scattering, and electron microscopy. Consistency between scattering and microscopy data in these systems enables unambiguous determination of the morphology. Despite this, questions concerning the internal structure of hydrated channels and the relationship between the hydrated structure and proton transport in block copolymer electrolyte membranes remain unanswered.
Herein we study the water uptake and proton conductivity of a triblock copolymer, polystyrenesulfonate-block-polyethyleneblock-polystyrenesulfonate (S-SES) as a function of water activity, a w , 31 in both humid air and liquid water. We demonstrate that the water uptake and proton conductivity of S-SES membranes equilibrated in liquid water are fundamentally different from values obtained when they were equilibrated in humid air. We use humidity-controlled synchrotron smallangle X-ray scattering (SAXS) and cryogenic scanning transmission electron microscopy (STEM) to identify the morphological underpinnings of our observations. In particular, the discontinuity observed from humid air to liquid water coincides with the emergence of heterogeneous hydrated channels in water-equilibrated samples.
The molecular weights of the polystyrenesulfonate (PSS) and polyethylene (PE) blocks of S-SES used in this study are 21.0 and 37.4 kg/mol, respectively. The sulfonation level of PSS is 67 mol %. The synthesis and characterization of this polymer are described in the Supporting Information. We begin by examining the water uptake and proton transport properties of S-SES as a function of a w , shown in Figure 1 . The experimental protocol used to obtain these data is described in the Supporting Information. All of the experiments reported in this paper (water uptake, conductivity, SAXS and STEM) were conducted on samples annealed at 25°C.
The hydration number, λ, specified as the number of water molecules per sulfonic acid group, as a function of a w is shown in Figure 1a . The measurements in the range 0.50 ≤ a w ≤ 0.98 were taken in a humidity-controlled environmental chamber (solid squares). These data are consistent with a power law shown by the solid curve in Figure 1a . Extrapolating the power law fit to a w = 1 yields λ fit = 13.2 (star). The data obtained in humid air suggest that if the membrane were equilibrated in either air with a relative humidity (RH) of 100% or liquid water, the resulting hydration number would be 13.2. We did not attempt to equilibrate samples in air with RH = 100% due to the lack of appropriate equipment. However, measurements in liquid water yielded a value of λ = 39.1 (open square), almost a factor of 3 larger than λ fit .
The dependence of proton conductivity, σ, on a w , obtained using the same protocol that was used to obtain Figure 1a , is plotted in Figure 1b . In the range 0.50 ≤ a w ≤ 0.98 (solid squares), the relationship between σ and a w follows a power law (solid curve in Figure 1b) . Extrapolation of the power law fit to a w = 1 yields σ fit = 0.026 S/cm (star). The measured value of proton conductivity of the membrane equilibrated in water is σ = 0.11 S/cm (open square), a factor of 4 higher than σ fit . The dependence of λ and σ on a w is similar, with smooth dependences when a w < 1, and a discontinuous increase in the vicinity of a w = 1. This discontinuity is often referred to as Schroeder's Paradox. 32, 33 In Figure 1c , we plot σ as a function of λ obtained in humid air on a linear scale. It is evident that σ versus λ data obtained from sample equilibrated in humid air (solid squares) can be approximated by a straight line (solid line in Figure 1c ), σ = −0.00583 + 0.00265λ. Extrapolation of conductivity to σ = 0, we find that the onset of finite conductivity occurs at λ = 2.2. In their study of conductivity through hydrated Nafion, Hsu and Gierke suggest that percolated proton conducting pathways are formed in the vicinity of λ = 2. 8, 34 Our results are in good agreement with theirs. σ as a function of λ obtained in both humid air and liquid water is depicted on a log−log plot in Figure 1d . Also shown in Figure 1d is the dependence of the proton conductivity of aqueous HCl solutions as a function of λ. 35 The conductivity of the water-equilibrated membrane is close to the curve representing HCl solutions, while the conductivities of S-SES membranes equilibrated in humid air lie well below the curve. It is perhaps remarkable that the ionic conductivity of a hydrated single-ion conductor is only a factor of 3 lower than that of free HCl at the same concentration. The two data points marked by "×"s in Figure 1d will be discussed shortly.
The data described above define two outstanding questions: (1) Why do λ and σ change discontinuously when nearly saturated humid air is replaced by liquid water? (2) Why is conductivity of S-SES equilibrated in liquid water similar to that of an aqueous HCl solution with the same concentration? We attempted to answer these questions by studying the morphology of S-SES as a function of hydration, using humidity-controlled SAXS and STEM. The protocol used in these experiments is described in the Supporting Information.
SAXS intensity is plotted as a function of the magnitude of the scattering vector, q, for S-SES samples equilibrated at different a w values in Figure 2a . Measurements with a w ≤ 0.95 were acquired using an in situ humidity-controlled chamber. 36 Measurements at a w = 1 were performed in liquid water. In the dry state, the SAXS profile exhibited a single broad peak at q = q*, indicating the presence of a periodic structure. The characteristic length of the periodic structure, d, is given by d = 2π/q*. The absence of higher order peaks at a w ≤ 0.95 indicates that long-range order is limited in our samples. As a w increases, the peak gradually shifts to lower q* values, indicating a gradual increase in d. In liquid water, the SAXS profile showed two peaks, a primary peak at q = q* = 0.108 nm −1 and a secondary peak at q = 1.8q*. In Figure 2b , we plot d as a function of a w . As was the case with the data shown in Figure 1 , d values obtained from humid air are consistent with a power law (solid curve in Figure 2b ), and extrapolation of the power law fit to a w = 1 yields d fit = 43.8 nm (star). In contrast, d obtained from liquid water is 58.0 nm. The discontinuous increase in d and the appearance of a secondary SAXS peak in liquid water suggest a discontinuous change in the sample morphology. In many cases, the appearance of a secondary peak indicates an increase in long-range order. However, the increase in long-range order is also accompanied by a decrease in peak width. There is no qualitative difference in peak widths of SAXS profiles obtained in humid air and liquid water. In Figure 2c , we show wide-angle X-ray scattering (WAXS) profiles obtained from a dry and a water-equilibrated S-SES sample. The WAXS peaks reflecting crystallinity of the PE blocks are unaffected by hydration.
Cryogenic STEM was also used to examine the morphology of S-SES (Figures 3 and 4) . Thin sections (about 70 nm thick) of dry S-SES were prepared by cryomicrotoming. The sections were placed on a lacey carbon-supported copper grid. Watercontaining samples were annealed in a humidity-controlled environment using an FEI Vitrobot before plunging into liquid ethane. STEM experiments were performed on a Tecnai F20 UT FEG, equipped with a high-angle annular dark field (HAADF) detector, using 200 keV acceleration voltage. Dry samples were imaged at room temperature. Hydrated samples were imaged at −184°C. All the samples were unstained. Figure 3a shows the morphology of S-SES in the dry state. It is evident that the sample has a lamellar morphology with relatively poor long-range order. For clarity, a small portion of the STEM image was magnified and shown in the bottom left corner of the figure. Because sulfur is the heaviest atom in our system, regions that appear bright in HAADF reflect the locations of the PSS-rich lamellae. The dark regions represent the PE-rich lamellae. The average thickness of the PSS-rich lamellae, d PSS , and that of the PE-rich lamellae, d PE , determined from line scans, are 20.0 and 19.3 nm, respectively. In the dry state, d PSS and d PE are similar, as expected. Fast Fourier transform (FFT) of this image was performed and the result is shown in Figure 3b . The two-dimensional (2D) FFT pattern contains a ring (inset of Figure 3b ). Radial integration of the 2D FFT is shown by squares in Figure 3b . The 1D profile contains a maximum at q = 0.153 nm Figure 3f . At a w ≈ 0.95, the thickness of the hydrated PSS-rich lamellae is about a factor of 2 larger than that of PE-rich lamellae. It is well-known that the addition of a selective solvent to a block copolymer leads to an expansion of the well-solvated microphase and a contraction of the poorly solvated microphase.
37−41
The morphology of S-SES equilibrated in liquid water is depicted in Figure 4 . At first glance (Figure 4a) , the morphology appears similar to S-SES equilibrated in humid air (Figure 3d ). Alternating lamellae of expanded hydrated PSS and contracted PE with little long-range order are evident. An expanded view of the lamellar structure, shown in the bottom left corner of Figure 4a , however, reveals an interesting new feature. The lamellae appear to have three distinct gray scales. The darkest lamellae correspond to dry PE-rich domains (similar to Figure 3) . The region between two adjacent PE-rich lamellae, which must contain primarily PSS and water, comprises three subdomains, two bright stripes adjacent to the PE-rich lamellae and one gray stripe in the middle of the region. Because the brightest regions reflect the presence of sulfur, we conclude that the two bright stripes reflect the presence of PSS-rich (or water-poor) domains. It is then logical to conclude that the gray domains have a low concentration of PSS, that is, they are the water-rich domains. Interestingly, the FFT of the micrograph, shown in Figure 4d , shows two peaks. The locations of these peaks are in remarkable agreement with the SAXS profile obtained from the sample equilibrated in liquid water. The origin of the secondary peak seen in both FFT and SAXS is, however, unclear at this point.
In order to identify the structures that are responsible for the primary and secondary peaks in FFT and SAXS, frequency filters were applied to the STEM image in Figure 4a . First, a low pass filter with a cutoff frequency of 0.15 nm −1 was applied and the resulting image is shown in Figure 4b . The corresponding frequency filter is shown in Figure 4e . Thus, Figure 4b reveals the periodicity responsible for the primary peak in SAXS and STEM, which is an unremarkable lamellar structure. Second, a high pass filter with a cutoff frequency of 0.15 nm −1 was applied to Figure 4a and the resulting image is shown in Figure 4c . The corresponding frequency filter is shown in Figure 4f . Figure 4c reveals the periodicity that delineates the secondary peak in SAXS and STEM. It is perhaps not surprising that the periodic structure seen Figure 4c is much finer than that seen in Figure 4b .
In Figure 4g , we superimpose Figure 4c on the original micrograph, Figure 4a . The yellow color in Figure 4g represents the bright regions in Figure 4c . Most of the gray water-rich channels are located between two yellow stripes. It is clear that the secondary FFT and SAXS peaks arise due to the heterogeneous nature of the hydrated PSS phase, shown schematically in Figure 4h . When S-SES is equilibrated in liquid water, there is a water-rich channel with a thickness of d w = 14.4 nm in the center of the hydrated PSS phase. The PSS-rich region formed two brushes sandwiching the water-rich channel. The average brush thickness is d brush = 15.7 nm. The thickness of the PE-rich phase, d PE = 15.2 nm. Evidently d PE remains approximately the same as that in S-SES equilibrated at a w ≈ 0.95, and the thickness of the two PSS-rich brushes, 2d brush = 31.4 nm, is only a slight increase from d PSS in S-SES equilibrated at a w ≈ 0.95. This suggests that in liquid water, the PSS-rich brushes are saturated with water molecules and reached maximum extension. This further implies that the water-rich channels in the center of the PSS domains may be devoid of PSS chains.
It is perhaps worth noting that our conclusions on the morphology of hydrated S-SES are based on both reciprocal (Figures 3 and 4) . It would have been impossible to derive a unique morphology at a given state of hydration based on scattering alone.
We conclude by answering the two questions that were posed above:
(1) Why do λ and σ change discontinuously when nearly saturated humid air is replaced by liquid water? The discontinuous changes in λ and σ when nearly saturated humid air is replaced by liquid water are due to a morphological transition of the hydrated channel from a homogeneous hydrated phase to a heterogeneous channel comprising waterpoor (or PSS-rich) and water-rich (or PSS-poor) lamellar domains. Our tentative hypothesis is that this unbinding transition 42 is a first-order phase transition that occurs between a w = 0.98 and a w = 1. Further work is needed to confirm this hypothesis. In the absence of a first-order phase transition, λ and σ do not change discontinuously when nearly saturated air is replaced by liquid water. 43 While we do not have definitive proof, it is likely that the PSS chains are excluded from waterrich domains. To our knowledge, this is the first time that direct evidence for the formation of water-rich subdomains is presented.
(2) Why is conductivity of S-SES equilibrated in liquid water similar to that of an aqueous HCl solution with the same concentration? The conductivity of S-SES equilibrated in liquid water is similar to that of an aqueous HCl solution at the same concentration because of the presence of water-rich domains in the hydrated channels. It is well-known that proton transport in aqueous HCl solutions is extremely efficient due to the Grotthuss mechanism. Newman and co-workers have argued that in Nafion, the Grotthuss mechanism cannot apply to proton conduction when λ < 14. 34, 44 This suggests that in S-SES equilibrated in liquid water, although there is parallel proton transport in both hydrated PSS-rich brushes and waterrich domains, the majority of the proton transport occurs in the water-rich domains. Conductivity through randomly oriented alternating insulating and conductive lamellae is given by σ = 2ϕ c σ c /3, where ϕ c is the volume fraction of the conducting phase and σ c is the intrinsic conductivity of the conductive lamellae. 45 The volume fraction of the water-rich lamellae, ϕ c,w , calculated from the STEM analysis shown in Figure 4h , is ϕ c,w = 0.24. This gives an intrinsic conductivity σ c,w = 0.70 S/cm. The volume fraction of the entire conducting domains, including both water-rich and PSS-rich lamellae, calculated from the STEM analysis shown in Figure 4h , is ϕ c,w+PSS = 0.75. This gives an intrinsic conductivity σ c,w+PSS = 0.22 S/cm. The two × data points in Figure 1d indicate values of σ c,w and σ c,w+PSS . The fact that the conductivity of aqueous HCl at the same value of λ lies between σ c,w and σ c,w+PSS suggests that most of the proton transport occurs by the Grotthuss mechanism in the water-rich lamellae. The sharp discontinuity in either water uptake or conductivity when highly humid air is replaced by liquid water is, therefore, not necessarily paradoxical.
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